This article quantifies the life-cycle greenhouse gas (GHG) emissions reductions that could be achieved by recycling or composting materials currently being landfilled in California, Oregon, and Washington. The analysis uses the U.S. EPA's Waste Reduction Model (WARM) to estimate the GHG emissions attributable to materials in the waste streams of the West Coast states. Based on the model's results, we identify the four priority material categories with the greatest emissions reduction potential across all three states if recycled or composted rather than landfilled. Our findings reveal that four priority material types offer the greatest emissions reduction potential across all three states. These materials are: carpet, core recyclables, dimensional lumber, and food scraps. Our findings reveal that some GHG emission reductions can be achieved in the short term through existing recycling infrastructure, while others will require new infrastructure and innovative approaches to divert greater quantities of these priority materials from disposal.
categorize U.S. GHG emissions. Figure 2 depicts the EPA's approach (United States EPA 2009). The systems-based accounting reveals that 42% of emissions result from materials management (i.e. the extraction of natural resources, and production, transport and disposal of food and goods). Expanding the scope of the EPA's report, the Product Policy Institute took EPA's National Emissions Inventory (NEI), subtracted out the emissions associated with exports and added in emissions associated with imports to the US. This provides a more accurate view of the emissions associated with goods used in the US. Under this global view of emissions associated with the US economy, overall GHG emissions are 12% higher than domestic emissions, and 44% of the total are associated with the production, transport, and end-of-life management of non-food materials alone (Stolaroff 2009 ).
Current trends in production, consumption, and waste management have led to enormous emissions of heat-trapping greenhouse gases. The sources of such emissions are numerous, ranging from carbon dioxide released during the extraction and production of new materials to methane Vol. 1, Num. 1, Spring 2011 The Evans School Review from the decomposition of organic waste in landfills.
Although the direct GHG emissions reductions achieved by landfill diversion are limited, the potential upstream impacts are much higher, if the end-of-life strategies used are able to reduce future emissions generated through the provision of goods and food. For example, diversion of aluminum from landfills for recycling offers minimal reductions in landfill emissions, but the use of recycled aluminum reduces emissions by reusing the material. The energy input of producing a ton of aluminum, which is directly linked to emissions output, is 96% lower when recycled aluminum is used. This is due to the elimination of the mining and smelting process required for virgin aluminum (Tellus Institute 1992) . Thus, end-of-life materials management strategies such as recycling can lead to significantly lower emissions from early stages in the material life cycle, including material extraction, manufacturing, and distribution.
II. RESEARCH DESIGN AND METHODOLOGY
Our analysis uses recent, state-level waste characterization data from California, Oregon, and Washington (Cascadia Consulting Group 2010, Cascadia Consulting Group 2009) . It is important to note that this analysis uses data on the amount of materials currently being disposed of and does not analyze the emissions reductions of materials already being diverted from disposal. While it is possible to estimate the emissions reductions from existing recycling and composting programs, the goal of this article is to identify the additional emissions reduction potential possible through recycling and composting materials still being discarded as waste, so only data on materials currently disposed are included. To identify the top ten materials by emissions reduction potential based on quantity of material available for recovery, we used the Waste Reduction Model (WARM) created by the U.S. Environmental Protection Agency.
The EPA created WARM to help solid waste planners and organizations estimate GHG emission reductions from several different waste management practices. WARM is available as a Webbased calculator format and as a Microsoft Excel© spreadsheet. Both versions of WARM are available on the EPA's Web site.
WARM calculates GHG emissions based on a comparison of a baseline and alternative waste management practice, including source reduction, recycling, combustion, composting, and landfilling. The model calculates emissions in metric tons of carbon equivalent (MTCE) or metric tons of carbon dioxide equivalent (MTCO2E) across a wide range of material types commonly found in municipal solid waste (MSW). WARM users can construct various scenarios by simply entering data on the amount of waste handled by material type and by management practice. WARM then automatically applies material-specific emission factors for each management practice to calculate the GHG emissions and energy use of each scenario.
Several key inputs, such as landfill gas recovery practices and transportation distances to MSW facilities, can be modified by the user. For this analysis, estimated tons of materials disposed of, drawn from each state's waste characterization study, were entered into the WARM Calculator.
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The WARM Calculator quantified the GHG emissions reductions comparing two waste management scenarios: 1) all of the materials are deposited in landfills; and 2) all of the materials are instead recycled or composted. Although a small amount of waste disposed of in California, Oregon and Washington is incinerated, the large majority is deposited in landfills, making this a reasonable, simplifying assumption.
The emissions reduction potential of recycling or composting the materials disposed of in each state was then ranked from highest to lowest and results from all three states were compared.
The resulting list of priority materials includes the top ten materials from each state's list. For all other WARM inputs, the default settings were used. This includes whether Landfill Gas (LFG) control systems are in place, what percentage of methane is captured, whether collected methane is flared or recovered for energy, and the assumed moisture conditions and associated bulk decay rate of disposed waste, (all of which affect the rate of methane emissions from landfills), as well as the assumed transport distances for landfilling, recycling, and composting, which affect the emissions associated with these various end-of-life management options. 1, 2 Several difficulties persist for accurately comparing state waste measurements. First, waste policies differ across states and localities, leading to differences in the types of materials collected. Second, how waste characterization studies define material categories and gather data varies across states. For instance, California and Washington specify plastic by polymer type (i.e. PET, HDPE, etc.), while Oregon specifies it by container type (i.e. bottle, tub) and by whether it is accepted in curbside recycling programs. Both Oregon and Washington specify fifteen different types of paper, broken into "packaging" and "non-packaging" subcategories, while California lumps these together and includes fewer categories altogether. Even the fifteen paper types differ somewhat between Oregon and Washington, frustrating comparisons. Third, the categories and definitions included in the WARM Calculator do not always correspond with state waste characterization studies. WARM users face the challenge of reconciling their materials category definitions with those the model employs.
These discrepancies make it challenging to estimate the emissions reduction opportunities across state and local governments. Nevertheless, we believe that comparing WARM results for California, Oregon, and Washington illustrates the opportunity for a common set of strategies for GHG emissions reduction through recycling and composting in various government arenas. The WARM results, which showed remarkable similarity across the states in terms of materials, appear to support this belief.
III. USING WARM TO IDENTIFY PRIORITY MATERIALS
The following section presents the WARM results for each of the three states featured in this analysis. Despite incongruities between state measures and WARM features, as well as differences between the states themselves, commonalities of top materials with emissions reduction potential among the states are unambiguous. Figure 3 , which shows the emissions reduction benefits of recycling the listed materials (or composting, in the case of food scraps), calculated against a baseline emissions scenario in which they are landfilled.
The WARM results suggest that the greatest potential for emissions reduction across all three states can be achieved through better end-of-life management of ten materials, broken into four priority material types (presented alphabetically):  Carpet  Core Recyclables  Aluminum cans, corrugated containers, magazines, newspaper, office paper, PET and HDPE (or mixed plastics), steel cans  Dimensional Lumber  Food Scraps 
IV. DISCUSSION OF FINDINGS
Carpet, 3 dimensional lumber, and food scraps appear in the top ten for all three states. Six of the seven materials comprising core recyclables also appear on all three lists.
There are two factors that determine which materials rank highest in terms of GHG emissions reduction potential: first, the GHG emissions reduction potential of recycling or composting each material on a per ton basis according to WARM, and second, the overall tonnage of each material that is disposed, relative to the tonnage of other materials disposed in the state. Most of the materials listed above rank high in GHG emissions reduction potential on a per ton basis, even though they make up a relatively small proportion of total waste disposed.
Food scraps are the exception, in that WARM does not assign them a particularly high emissions reduction potential per ton, but they nonetheless appear in the top ten because they make up a significant portion of disposed waste in each state. The per ton emissions factors used in the analysis are available online at http://www.epa.gov/climatechange/index.htmlhttp:// www.epa.gov/climatechange/index.html.
Implications for State Emissions Reduction Goals
All three West Coast states have set goals for reducing greenhouse gas emissions. Our analysis shows that recycling and composting can produce significant emissions reductions, and are thus compelling tools to include in climate plans. It is worth recognizing that some of the life-cycle emissions for waste disposed in California, Oregon, and Washington that are calculated using WARM are not generated exclusively (or even predominantly) in these states. Emissions from resource extraction, manufacturing and transportation associated with materials used and discarded here sometimes occur outside of the region and would not be captured by most current state GHG inventory methods. To account for boundary issues, alternate methods for conducting inventories are being developed in several jurisdictions, including the State of Oregon and King County (WA), which are developing consumption-based inventories that account for emissions generated outside their boundaries as a result of consumption within their boundaries. The Inventory Workgroup of the West Coast Climate and Materials Management Forum has developed a toolkit for other jurisdictions interested in including consumption-based methods into emissions inventories (Materials Management Approaches for State and Local Climate Protection).
Even in jurisdictions that have not yet adopted consumption-based inventory methods, some GHG emissions associated with materials management, such as from long-distance trucks delivering goods and hauling solid waste out of state, are undoubtedly generated within these states and are included in existing state GHG emissions inventories. In these cases, reductions in these emissions due to recycling and composting would be captured by the states' inventories and contribute toward emissions reduction goals. In addition, methane emissions reductions due to diversion of food scraps would likely be captured, as these emissions are often counted in conventional inventories. 
Diversion of food scraps from landfills offers the greatest quantity of in-state GHG emissions reductions. Food scraps are responsible for a large share of methane emissions generated by landfills, and while landfill emissions comprise only a small portion of life-cycle emissions attributable to goods and food, they nonetheless represent a real opportunity for emissions reduction. This is largely due to the large quantities of food that is wasted and sent to landfills.
According to our analysis, the emissions reduction potential of diverting one year's worth of food scraps from landfills through composting is equal to approximately 1.5% of California's 2050 emissions reduction goal, 0.8% of Oregon's goal, and 1.8% of Washington's goal. Note that these are not one-to-one comparisons-the 2050 emissions reduction goals are the emissions that must be reduced on an annual basis, while the emissions reductions quantified by the WARM Calculator are life-cycle emissions that occur over many years based on a single year's food waste-but are simply intended to provide a sense of scale. 4 (California Environmental Protection Agency, 2010) . . Whereas the WARM emissions factor for compost only considers the carbon storage effects, the CERF includes emissions reductions due to decreased water use, decreased soil erosion, and reduced fertilizer and herbicide use, as well as increased carbon storage in soil. As a result, the CERF places the emissions reduction potential of compost at 0.42 MTCO 2 e/ton of food scraps, more than twice as high as the WARM factor of 0.20 MTCO 2 e/ton. If our calculations were done using the CERF, the total emissions reduction potential of composting food scraps would be even higher.
The WARM Calculator only evaluates the relative methane emissions reductions of open windrow composting, but GHG emissions reductions can also be achieved by managing food scraps through alternative composting methods (such as static aerated piles or enclosed systems) and by anaerobic digestion. When anaerobically digested, food scraps can also be used as an alternative energy source. The methane generated during decomposition can be captured and converted to a natural gas equivalent fuel, or used to power a turbine to generate electricity.
The combined emissions reduction potentials of the other three priority material typescarpet, dimensional lumber and core recyclables-equal between 1% and 6% of West Coast state 2050 emission reduction goals. Some of these GHG emission reductions can be achieved in the short term through existing programs and recycling infrastructure, but many of these reductions will require new infrastructure and innovative approaches to divert greater quantities of these priority materials from disposal.
Although California, Oregon, and Washington have higher recycling rates than the national average, this analysis shows that significant volumes of recyclable materials still appear in the disposed waste streams of West Coast states. In California, Oregon, and Washington, core recyclables make up 7-10% of disposed waste by weight, and are responsible for 33-55% of all emissions found in this analysis to be attributable to the top ten materials in each state. This suggests that there remains significant room for improved efficiency and effectiveness of recycling programs and policies targeting diversion of core recyclable materials.
In particular, corrugated containers continue to appear in the waste streams of all three states in large quantities. One possible explanation for this is that corrugated containers in the waste stream come largely from commercial generators. While residential recycling is mandatory in many places, commercial recycling remains largely voluntary and so materials that are generated predominantly by commercial sources are recycled at lower rates. In California, although commercial sources are responsible for only 50% of total waste, the commercial substream generates 75% of all corrugated containers. In Washington, the commercial sector generates 44% of total waste but 55% of all corrugated containers.
This may soon change in California, where the state has begun taking steps to mandate commercial recycling statewide. The Mandatory Commercial Recycling Measure, being developed by CalRecycle as part of its implementation of the California Global Warming Solutions Act of 2006 embed testing Vol. 1, Num. 1, Spring 2011 The Evans School Review (AB 32), would require businesses generating four or more cubic yards of trash and/or recyclables for weekly collection to receive recycling services. This measure is intended to achieve GHG reductions of 5 million MTCO2e.
In contrast to core recyclables, carpet and dimensional lumber currently lack widespread recycling infrastructure. While both materials are recyclable, they require source separation for clean, high-value feedstock, and thus successful diversion requires the cooperation of commercial waste generators, such as construction and demolition firms. Furthermore, in order to actualize the GHG emissions reduction potential of recycling, market development is needed to create demand for these recycled materials as inputs in manufacturing to offset the use of virgin material. In general, effective materials management strategies and policies are relatively new or still being developed for carpet and dimensional lumber and more research and experimentation is needed to understand how communities can recycle these materials most effectively.
Economic Benefits of Recycling and Composting Priority Materials
The WARM results of this analysis reveal that materials management can help states achieve emissions reductions. In addition, recycling and composting can contribute to other local and state policy goals, including job creation and economic development.
According to, "Recycling and Economic Development," a literature review conducted by Cascadia Consulting Group for King County Solid Waste Division's LinkUp program, increasing recycling can have positive benefits for job creation and economic development (Cascadia Consulting Group 2009)..
During a period in which many traditional manufacturing industries have been losing jobs in the U.S., several studies show that recycling has created manufacturing jobs, as well as jobs in recycling processing (Northeast Recycling Council 2009) . Further research on the U.S. labor market suggests that recycling results in ten times the jobs of waste disposal. Additionally, jobs in the recycling industry pay more, on average, than that national average wage (Beck 2001) .
In 2001, CalRecycle (formerly the California Integrated Waste Management Board) released a study showing that diverting a ton of recyclable or compostable material has approximately twice the economic impact of sending it to a landfill. According to the report, diverting one additional ton of waste would pay $101 more in salaries and wages, produce $275 more in goods and services, and generate $135 more in sales than disposing of it in a landfill.
Using these figures, if just half of core recyclables and food scraps reported here that are currently in the waste streams of California, Oregon, and Washington were recycled, that would result in almost $1.6 billion in additional salaries and wages, $818 million in additional goods and services produced, and $309 million in additional sales across the three states. These gains would translate into additional revenue for state and local governments as well, through income, property, and sales taxes.
Market values of several recyclable materials, such as cardboard and aluminum, have increased substantially in the ten years since the CalRecycle analysis was conducted, meaning that the figures above are lower than might be expected today. Estimates of the job and economic benefits are not Vol. 1, Num. 1, Spring 2011 The Evans School Review available for carpet or dimensional lumber recycling, but they would also likely add hundreds of millions more to these figures.
Limitations of the Analysis
The analysis featured here estimates the emissions reduction potential of recycling and composting various materials versus depositing them in a landfill, but it does not provide a comprehensive comparison of other life-cycle materials management strategies, such as green purchasing, producer responsibility, product stewardship, and decreased consumption, except to the extent that these strategies might be used to achieve the recycling results simulated in the model's recycling scenario.
The analysis also fails to capture the significant GHG emissions reduction that can be achieved through changes to materials management-related issues such as transportation modes, manufacturing practices, distribution infrastructure, energy sources, and product design. To fully understand the emissions reduction potential of sustainable materials management, the entire spectrum of strategies available across the entire life cycle of materials must be examined.
V. CONCLUSION
The WARM results presented in this article identify four priority material types that carry the greatest potential for GHG emissions reduction if diverted from landfill disposal through recycling or composting in California, Oregon, and Washington. The impressive scale of potential emissions reductions embodied in these priority materials demonstrates that recycling and composting have significant potential for contributing to emissions reduction efforts on the West Coast.
Although recycling is an established practice in many West Coast communities, this article shows that further progress can be made, both to divert greater quantities of materials currently being recycled and to establish new programs for additional materials. At a time when limited resources are available for meeting multiple urgent policy goals, programs that focus on recycling and composting these priority material types can contribute to climate action goals, while producing other more widely accepted benefits such as resource conservation, cost savings, job creation and economic development. The WARM Calculator allows users to customize a number of settings that affect the emissions associated with end-oflife management options. These include whether Landfill Gas (LFG) control systems are in place, what percentage of methane is captured, whether collected methane is flared or recovered for energy, the assumed moisture conditions and associated bulk decay rate of disposed waste, and the assumed transport distances for the various end-of-life management scenarios. The default scenario (which is what we used) calculates emissions based on the estimated proportions of landfills with LFG control in 2008. 2 Transportation distances only affect the model if the transportation required for the alternative scenario is significantly different from the baseline scenario (e.g. recycling means sending materials to a nearby MRF, while landfill disposal requires trucking waste to a landfill hundreds of miles away). However, it is worth noting that most emissions impacts of materials are upstream, and the transportation emissions related to any end-of-life management approach are minimal in comparison. 3 The waste characterization data used in this analysis provide estimated tonnage for all carpet disposed in each state. However, our emissions factors are for carpet made with nylon fibers only, resulting in some difference in the emissions reduction potential reported here and the actual emissions reduction potential in each state, depending on what proportion of disposed carpet is made with non-nylon fiber. In its 2009 Annual Report, the Carpet America Recovery Effort estimates that 76% of carpet material recycled nationally in 2009 was nylon (49% N6, 27% N66). 4 While the emissions reduction in 2050 from composting food waste in 2050 would be much smaller than the numbers shown in Table 4 .1, emissions reductions in 2050 would also include emissions reductions resulting from food waste composting in 2049, 2048, 2047, and previous years. The sooner putrescible wastes are diverted from landfills, the sooner emissions reductions can begin accumulating.
